The archaeal transcriptional apparatus closely resembles the eukaryotic RNA polymerase II system (11) . Biochemical studies have shown that the core components of the Sulfolobus transcriptional machinery are comprised of a TATA-binding protein (TBP), transcription factor B-1 (TFB1), and a 13-subunit RNA polymerase and that all three components are essential for accurate and efficient transcription from a variety of promoters (2, 9, 16, 20, 25, 28, 35) . TBP and TFB1 bind sequence specifically to the A box and BRE, respectively, and the resulting ternary complex recruits RNA polymerase (1, 3, 4, 29) . The Sulfolobus solfataricus genome also encodes other proteins implicated in transcription, such as transcription factor E (TFE), TBP-interacting protein 49 (TIP-49), and two TFB1 paralogs, TFB2 and TFB3 (6) , but their respective roles in this process are less well understood.
In eukaryotes, TFIIE serves as a general transcription factor (GTF), composed of ␣ and ␤ subunits, that is essential for recruiting TFIIH (23) . Deletion analysis of TFIIE␣ has demonstrated that its 20-kDa N-terminal region is required for it to maintain function (21) and that this region is conserved in archaeal TFE (2, 15) . Archaeal TFE contains a winged helixturn-helix structure in its N-terminal region, which, along with other surfaces that mediate protein-protein interactions, is conserved in TFIIE␣ (24) . Like TFIIE␣, archaeal TFE also interacts with TBP and RNA polymerase (2, 37) . Additionally, there appears to be functional interdependence between archaeal TFE and TFB, since mutations in one can be complemented by the other (34) . Biochemical studies have found that TFE associates with the RNA polymerase, stimulates transcription from some promoters, and is a part of both initiation and elongation complexes (2, 14, 34) . Taken together, these findings suggest that, like eukaryotic TFIIE, archaeal TFE is also a GTF that is essential for gene transcription. No homolog of any of the TFIIH subunits has been found in archaea.
The heat shock response is widespread in organisms belonging to all three domains of life and allows cells to cope with thermal stress (8) . In the euryarchaeote Pyrococcus furiosus, heat shock is sensed directly by the negatively acting transcription factor Phr, which dissociates from the DNA at elevated temperatures, allowing heat shock genes to be transcribed (33) . While the mechanism through which heat shock is sensed in crenarchaeotes remains unknown, transient exposure of Sulfolobus shibatae to temperatures between 85 and 90°C rapidly culminates in the accumulation of heat shock proteins TF55␣ and -␤, which, together with TF55␥, assemble into rosettasomes (18, 19) . Both TF55␣ and -␤ are highly conserved in S. solfataricus and Sulfolobus acidocaldarius and in other crenarchaeotes. Several studies have employed DNA microarraybased methods to identify sets of genes whose expression is impacted by heat shock (7, 10, 27, (30) (31) (32) . In S. solfataricus, heat shock affects expression of about one-third of the genes, some of which are transcribed 30 min after heat shock (32) . Discrete sets of genes whose expression is influenced by UVinduced DNA and hydrogen peroxide-mediated oxidative stress have also been identified (12, 36) . While data generated from such studies are extremely useful, they are restricted to the RNA level. To gauge the impact that DNA damage, oxidative stress, and cold and heat shock have on the levels of different components of the core transcriptional machinery, we generated highly specific antibodies against TBP, TFB, RpoB, TFE, and TIP49. Here, we report that DNA damage, oxidative stress, and cold shock do not affect the levels of any of the five proteins but that TFE is selectively depleted by heat shock.
MATERIALS AND METHODS
S. solfataricus growth and extract preparation. S. solfataricus P2 was grown aerobically at 76°C in Brock's medium (13) , and cell extracts were prepared according to the method of Hüdepohl et al. (17) . The protein concentration was determined by the Bradford assay (Bio-Rad). A 200-ml mid-log-phase Sulfolobus culture (optical density at 595 nm [OD 595 ], ϳ0.3) growing at 76°C was dispensed in 1-ml aliquots in 1.5-ml plastic microcentrifuge tubes and quickly transferred to ice water, 76°C, 80°C, 85°C, and 90°C for 0 and 60 min. After treatment, the cells were rapidly cooled in ice water and centrifuged at 4°C at 12,000 rpm for 2 min and directly lysed in 200 l 2ϫ SDS sample loading buffer. Sulfolobus cells growing at 76°C were also incubated with 5 g/ml mitomycin C (5) and 30 M hydrogen peroxide (22, 36) for 1 h, and the impacts of DNA damage and oxidative stress on the expression of TBP, TFB1, TFE, RpoB, and TIF49 were examined by Western blotting. For temperature shift and recovery experiments, a 5-ml culture (OD 595 , ϳ0.3) growing at 76°C in a 15-ml plastic Falcon tube was incubated at 90°C for 60 min and then shifted to 76°C for various lengths of time.
DNA cloning, expression, and purification of recombinant proteins. Fulllength open reading frames (ORFs) of S. solfataricus TFB1, TFE, TIP49, and TBP were PCR amplified using the following oligonucleotide sets: TFB1-F (GATCGGATCCTTGTATTTGTCTGAAGAAAATAAA) and TFB1-R (G ATCAAGCTTTATTGAGTAGGTATTGATAT), TFE-F (GATCGGATCC GTTAACGCAGAGGATCTGTTT) and TFE-R (GATCAAGCTTCTAATT TAGGTTCTATTCCTAG), TIP49-F (GATCGGATCCTGTCATAATATA AAACCTCAC) and TIP-His 6 -R (ATGATGATGATGATGATGTTTCAAT AATAGATTCTCATAC), and TBP-F (GATCGGATCCGCAACAGTTAC GTTAGAGCAG) and TBP-R (GATCAAGCTTTTAGAGCTCTAACTCTT CCTC), respectively. The TFB1, TFE, and TIP49 PCR products were cloned into BamHI-and SmaI-digested pGEX4T1 (GE Healthcare Bio-Science), while TBP and TFE were cloned into BamHI-and HindIII-digested pQE30-Xa (Qiagen). Recombinant pGEX4T1 and pQE30-Xa plasmids were introduced into BL21-DE3-pLysS (Novogen) and M15-pREP4 (Qiagen) cells, respectively. After induction with IPTG (isopropyl-␤-D-thiogalactopyranoside) (Sigma-Aldrich), cells were harvested, lysed with BPER (Pierce), and centrifuged. Glutathione S-transferase (GST)-fused TFE and TFB1 were purified from the crude extracts using 100 l washed glutathione-Sepharose beads (GE Healthcare Bio-Science). His-tagged TIP49 was purified under denaturing conditions, whereas TBP and TFE were purified under nondenaturing conditions according to the manufacturer's instructions (Qiagen).
Antibody generation. Gel-purified GST-fused TFE, TFB1, and TIP49 were mixed with Freund's complete adjuvant (Sigma-Aldrich) and injected intraperitoneally into BALB/c mice, followed by 4 additional injections containing Freund's incomplete adjuvant at 10-day intervals. The animals were euthanized 10 days after the last injection, and blood was collected. Antibodies against S. solfataricus TBP and RpoB were generated in rabbits as reported previously (28) .
RNA isolation and qPCR. RNA was isolated from 10 ml S. solfataricus P2 culture (OD 595 , ϳ0.3) using TRI reagent (Sigma-Aldrich). The purified RNA was treated with DNase I (Takara Bio Inc.) and converted into cDNA using a mixture of random hexamers and oligo(dT) with Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega). cDNA (200 ng) was used for amplification with the following sets of forward and reverse TBP, TFB1, and TFE oligonucleotides: TBPQ-F (ACTAATTTTCAGAATGGATGATCC) and TBPQ-R (CTAATTCTGCTAACTTATCAAATATC), TFB1Q-F (CCT GATAAGATTATCTTTGATGCAG) and TFB1Q-R (CAACTCTGCTTCT CTTTTCTTTCT), and TFEQ-F (AATCAGTTGAATATAAAAGTTAATG) and TFEQ-R (CTTTTCCTATTTAACAGTATTTC). Quantitative PCR (qPCR) was carried out on a Chromo-4 cycler (Bio-Rad) with Maxima SYBR green Master Mix (Fermentas) using the following thermocycling conditions: 94°C for 5 min, followed by 45 cycles of 94°C for 30 s, 51°C for 30 s, and 72°C for 30 s. The conditions for TFB1 and TFE were similar, except that annealing was carried out at 54°C and 46°C, respectively. Data were collected and analyzed using Opticon Monitor 3 software (Bio-Rad). TBP, TFB1, and TFE qPCRs were carried out in triplicate, and standard errors were calculated. No-template and no-reverse-transcriptase negative controls were carried out in triplicate and duplicate, respectively, and showed no DNA amplification.
Western blotting. Proteins were separated on 12% SDS-PAGE, and the gel contents were electrotransferred onto nitrocellulose membranes (GE Healthcare Bio-Science). The blots were blocked, probed with anti-TFE (␣-TFE) and ␣-TBP (1:1,000 each), ␣-TFB1 (1:2,000), ␣-TIP-49 (1:5,000), and ␣-RpoB (1:20,000) antibodies, and washed. After incubation with either anti-mouse or anti-rabbit horseradish peroxidase (HRP)-conjugated IgG antibodies, the blots were washed and then developed with the ECL-plus reagent (GE Healthcare Bio-Science). Images were captured on X-ray film (Fuji).
Protein stability assay. Five hundred nanograms of purified bacterially expressed His 6 -TBP, His 6 -TFE, and bovine serum albumin (BSA) (Sigma-Aldrich) in 20 l transcription buffer (20 mM HEPES, pH 7.9, 5 mM MgCl 2 , 0.5 mM EDTA, 50 mM NaCl, and 1 mM dithiothreitol (DTT) were incubated at 37°C, 76°C, and 90°C for 1 hour, and the products were analyzed on 12% SDS-PAGE. Proteins were visualized by Coomassie brilliant blue staining.
RESULTS
Several studies have employed DNA microarrays to study changes in mRNA patterns under various stress conditions (7, 10, 27, (30) (31) (32) . As mRNA levels do not necessarily mirror protein levels, we studied the fates and expression levels of various components of the S. solfataricus core transcriptional machinery under different stress conditions. To that end, we generated antibodies against TBP, TFB, TFE, TIP49, and RpoB that could detect approximately 1 ng of its purified recombinant antigen on Western blots (data not shown) and were able to specifically bind their respective antigens in a crude extract (Fig. 1 ). This antibody set was used to assess whether oxidative stress, DNA damage, or temperature shock influenced the levels of their respective antigens. Western blots carried out with crude extracts prepared from hydrogen peroxide (oxidative stress)-or mitomycin C (DNA damage)-treated cells for 1 h failed to show any change in the level of any of the 5 proteins (data not shown). Similarly, cells which had been cold shocked at 0°C for 1 h also failed to show any significant change in the levels of any of the factors (Fig. 2A,  lane 2) . However, incubation of S. solfataricus cells at 90°C (heat shock) for 1 h reduced TFE to an undetectable level (lane 6) but did not affect levels of TBP, TFB1, RpoB, or TIP49 ( Fig. 2A, lanes 2 to 5) . No changes in the amounts of any of five proteins were observed in cells incubated for 1 h at 76°C, 80°C, or 85°C (lanes 2 to 5). To ascertain that transferring a 1-ml aliquot from a large culture to a tube by itself did not influence protein levels, extracts were also prepared from cells growing at 76°C (lane 1). To determine whether the observed heat shock-induced decline of TFE occurs at the protein or RNA level, real-time PCR was employed to estimate the quantities of TFE, TBP, and TFB1 mRNAs in cells that had been heat shocked for various lengths of time. This experiment clearly showed that TFE mRNA levels increased 5-fold in cells that had been heat shocked for 1 h. TFE mRNA levels in these cells rose dramatically in the first 30 min of heat shock but also continued to increase after that (Fig. 2B) . While heat shock also increased TFB1 mRNA levels 2-fold over 60 min, it reduced the amount of TBP mRNA by 2.6-fold during the same period.
Subsequently, the kinetics of TFE depletion was studied in vivo by incubating cells at 90°C for different lengths of time. This experiment revealed that TFE levels were reduced by approximately 50% after 10 min and became nearly undetectable after 30 min (Fig. 3A) . To determine whether a rate of TFE decline similar to that found in live cells is also observed in lysed cells, both raw (i.e., membrane-containing) and cleared (i.e., membrane-devoid) extracts were incubated at 90°C for various times and subjected to Western blotting. TFE declines in the raw and cleared extracts were equivalent but significantly less than that observed in intact cells (Fig. 3B) . To ascertain that TFE does not spontaneously decay at elevated solfataricus cell extract per lane were probed with antibodies against TBP, TFE, TFB1, TIP49, and RpoB. Anti-TBP and -TFE antisera were diluted 1:1,000, while anti-TFB1, -TIP49, and -RpoB were diluted 1: 2,000, 1:5,000, and 1:20,000, respectively.
temperatures, recombinant His 6 -tagged TBP and TFE, along with BSA, were incubated at 37°C, 76°C, and 90°C for 1 h, and the products were analyzed by SDS-PAGE. No significant decay of TFE was found to occur at any of the three temperatures (Fig. 3C) .
Lastly, temperature shift experiments were carried out to determine the length of time it takes for TFE levels to return to normal after heat shock and to assess whether there is any association between the amount of TFE and cell growth. For this, Sulfolobus cells (OD 595 , ϳ0.3) growing at
FIG. 2. TFE is selectively depleted under heat shock conditions, but transcription is not affected. (A)
Sulfolobus cells growing at 76°C (lane1) were incubated at 0°C, 76°C, 80°C, 85°C, and 90°C (lanes 2 to 6, respectively) for 1 h. The cells were harvested and suspended directly in SDS-PAGE loading buffer. Western blots were probed with the indicated antibodies. (B) qPCR analysis of TFE, TFB1, and TBP mRNAs. Total RNA was isolated from 10 ml of cells incubated at 90°C for 0, 5, 10, 30, and 60 min and converted into cDNA. PCR amplification of TFE, TFB1, and TBP cDNAs was carried out on a Chromo-4 cycler with Maxima SYBR green Master Mix. DNA amplification was monitored in real time, and threshold cycle (C t ) values were obtained for each sample. TBP, TFB1, and TFE qPCRs were carried out in triplicate, and the standard error for each sample (error bars) was calculated. No-template and no-reverse-transcriptase negative controls were carried out in triplicate and duplicate, respectively, and showed no DNA amplification. C t values were converted into fold change in TBP, TFB1, and TFE mRNA levels at different times and are shown in the table. 76°C were heat shocked for 1 h at 90°C, and the culture was subsequently shifted to 76°C. Aliquots from the culture were taken after 1, 2, 4, 8, 16, 24, and 48 h, and the lysate was subjected to Western blotting with anti-TFE antisera. This exercise revealed that TFE levels in heat-shocked cells increased gradually over time and recovered fully after 48 h (Fig. 4A) . The growth of cells that had been heat shocked for 1 h was also monitored by absorbance at 595 nm over 65 h. This experiment showed that no cell proliferation occurred until after 48 h (Fig. 4B) .
DISCUSSION
In the study, we employed highly specific antibodies against TFE, TFB1, TBP, TIP49, and RpoB to show that TFE is selectively depleted under heat shock conditions whereas other factors are spared. Oxidative stress, DNA damage, and cold shock do not influence the levels of any of the five factors. Strikingly, cells that had experienced heat shock for 1 h were left with little to no TFE but contained 5-fold more TFE mRNA than naïve cells. We also found that heat-shocked cells nearly devoid of TFE did not begin to proliferate until their TFE levels were fully restored.
The fact that TFE does not decay spontaneously at 90°C suggests that it is targeted for destruction. This may occur in several ways. TFE could be marked for degradation under heat shock conditions. To determine whether TFE is posttranslationally modified by heat shock, we probed Western blots containing heat-shocked extracts with various phosphoserine, phosphotyrosine, and methyl-lysine antibodies but were unsuccessful (unpublished observations). Our inability to observe any phosphorylated, acetylated, or methylated forms of TFE may be due to the fact that modified TFE is degraded rapidly or that Sulfolobus TFE undergoes a different type of chemical modification, one that is not recognized by any of the antibodies that were employed. It is equally plausible that TFE is targeted by a specific protease that is activated by heat shock. Finally, heat shock-mediated translational arrest of TFE mRNA could also lead to depletion of TFE.
Our results show that under heat shock conditions, the amounts of TBP, TFB1, RpoB, and TIP49 remain constant and that transcription from the TFE and TFB1 promoters continues to occur. These findings are consistent with a previous report that showed that in S. solfataricus cells, TFE and TFB1 mRNA levels increase 5-fold and 2-fold, respectively, and that mRNA synthesis continues to occur after 30 min of heat shock at 90°C (32) . Since TFE in these cells is nearly depleted after 30 min, we infer that transcription of housekeeping genes, TFE and TFB1 genes, and the 18 genes that are upregulated 30 min after heat shock (32) is not dependent on TFE. In light of these observations, and considering that TFE associates with RNA polymerase, it is tempting to speculate that TFE negatively regulates the transcription of those genes that are induced late in heat shock. Support for this notion stems from a recent study that showed that TFB3, which is highly upregulated in response to DNA damage (12), associates with RpoK and stimulates transcription from a number of promoters (26) . The presence or absence of TFE, or other RNA polymerase subunits or associated factors, therefore has the potential to modulate targeting of RNA polymerase to different genomic loci under various stress or environmental conditions. We have shown previously that Sulfolobus RNA polymerase by itself is capable of initiating transcription accurately and efficiently from the TFB minor promoter (28) . Alternatively, since TFE has been found to stimulate transcription from 5S and 16S rRNA gene promoters (2), it is possible that its absence during prolonged heat shock culminates in reduced mRNA levels of only those genes that are required for growth. Interestingly, we note that after heat shock Sulfolobus cells do not appear to resume growth until TFE levels have recovered. This observation suggests that TFE may be one of several factors that are required for outgrowth following heat shock.
Although in vitro biochemical studies have indicated that TFE stabilizes initiation complexes (34) , is part of elongation complexes (14) , and enhances A-box recognition by TBP (2), it is unclear how transcription in vivo under heat shock conditions may proceed in its absence. Whatever the precise role of TFE might turn out to be, the results presented in this study can be used to infer that in Sulfolobus TFE does not appear to serve the role of a general transcription factor. Further studies are required to understand the in vivo role of TFE in transcription, as well as to decipher the mechanism by which TFE is depleted under heat shock conditions and how it impacts gene expression patterns to confer thermoprotection. 
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